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■Aceension 
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Method*  of  construction  tad  the  behaviour  of  elerodlec 
tad  eicroephere  electrodes  having  radii  down  to  1000  tad  200  X 
respectively  tad  of  eicrosphsres  having  widths  down  to  250  X 
are  reviewed.  The  high  steady  state  rates  of  mass  transport 
and  the  low  ohmic  overpotentials  allow  the  etudy  of  systems 
under  simple  steady  state  conditions  as  well  as  the  study  of 
many  novel  systems.  It  is  shown  that  the  rates  of  fast  electrode 
reactions  can  be  readily  measured;  the  kinetics  of  reactions  in 
solution  coupled  to  electrode  reactions  are  more  easily  determined 
than  by  relaxation  methods  using  planar  electrodes;  reactions  can 
be  examined  la  solvents  using  low  or  zero  concentrations  of  support 
electrolyte  as  well  as  in  low  dielectric  constant  solvents,  low 
temperature  eutectics  and  in  glasses. 


1 


The  con«tmctioo  of  microelectrodes. 

Xc  is  comonly  believed  Chet  ic  is  difficult  (if  not  impossible) 

to  construct  microelectrodes  having  very  smell  dimensions^;  this 

viev  is  erroneous,  iethods  which  heve  been  used  include* 

(2-6) 

(i)  sealing  of  fine  wires  (eg.  Pt  and  W'  'as  well  as  of 

Ag  and  Au  and  of  alloys)  or  of  fibres  (eg.C^  ^ ) 
into  glass  capillaries  and  exposure  of  the  disc  end 
sections  by  polishing.  Electrodes  down  to  'v2.5p 
radius  can  be  made  by  directly  sealing  vires  or  fibres 
into  appropriate  glasses.  Etching  prior  to  sealing  of  high 
strength  materials  (eg.  or  C)  or  the  dissolution  of  the 

silver  coating  of  Pt-Woolaston  wire  (these  wires  being 
supported  in  the  glass  tube)  allows  the  construction  of 
electrodes  having  radii  down  to  0.1-0. 3  u  .  The  construction 

of  e  Pt  electrode  of  this  type  is  illustrated  in  fig  la. 

(2) 

(ii)  forcing  low  melting  point  metals  (eg  Pb  )  into  fine 
capillaries . 

(iii)  drawing  down  capillaries  containing  low  melting  point  metals 

(2) 

having  a  relatively  high  work  of  adhesion  to  glass  (eg.  In  ); 
methods  (ii)  and  (iii)  can  give  electrodes  having  radii  down 
to  0.1 U  . 


*  The  methods  listed  have  been  used  in  voltametric  experiments  ; 
it  should  be  noted,  however,  that  there  is  much  prior  art  in  the 
construction  of  electrodes  for  potentiometric  measurements  in 
physiological  experiments. 


(iv)  costing  the  inaid*  of  capillaries  vith  metals  by 
evaporation  followed  by  the  controlled  collapse  of  the 
coated  capillary^*^ .  Coating  can  alternatively 

be  achieved  by  using  'thick  film  technology'  metal  screen 

printing  inks  (usually  appropriately  thinned)  followed 

(12) 

by  controlled  heating 

These  techniques  allow  the  construction  of  micro-disc  electrodes; 
other  methods  which  have  been  used  include  the  use  of  photoresists  to 
define  small  holes  on  bulk  metal  substrates  or  to  produce  small 
electrodes  by  etching^^.  Method  (iv)  is  readily  adapted  to  produce 
thin  ring  electrodes  by: 

(v)  filling  the  inside  of  the  coated  capillary  with  polymer 

or  a  low  melting  point  glass  or  else  collapsing  the  coated 
capillary  onto  a  glass  fibre. 

Alternatively: 

(vi)  fibres  may  be  coated  vith  metals  (by  evaporation  or  using 

metal  screen  printing  inks)  and  in  turn  coating  these  with 

12) 

glass  or  a  suitable  polymer  .  Fig.  lb  illustrates 
the  geometry;  ring  widths  down  to  100ft  can  be  achieved. 

Certain  types  of  single  alcrosphere  electrodes  (eg  and  amalgams 

are  readily  made  by: 

(vii)  directly  depositing  the  metal  onto  a  microdisc  electrode 
(eg  a  C  microdisc).  Fig  2  is  an  example  of  the  current-time 
transients  observed  and  shows  that  electrodes  having  dimensions 
down  to  100  £  as  determined  coulometrlcslly  can  be  readily  made 
by  electrodeposition  over  relatively  long  times  (see  further 
below).  rig.  lc  illustrates  the  geometry;  If  the  work  of 
adhesion  of  the  metal  to  the  substrate  Is  comparable  to  the 
surface  energy  of  the  substrate-solution  Interface,  then  the 
electrode  will  have  the  form  of  a  spherical  cap. 


Alternatively: 

(viii)ensembles  of  auch  microaphere  electrodes  can  be  directly 
deposited  onto  substrate  electrodes  (eg^'^)  of  normal 
dimensions  thereby  increasing  the  amplitude  of  the  observed 
transient. 

Examples  (vii)  and  (viii)  illustrate  that  the  deposit  in  the 
initial  stages  of  electrodepoaition  will  usually  consist  of  ensembles 
of  two-  or  three-dimensional  growth  centres  (cathodic  or  anodic 
electrocrystallisation  ) .  This  includes  many  technologically 
important  examples  (metal  coating  and  winning,  reactions  in  most 
primary  and  secondary  batteries);  other  technologically  important 
phenomena  such  as  localised  corrosion  (eg  pitting  corrosion)  take 
place  at  sites  of  small  dimensions.  The  behaviour  of  these  systems 
therefore  has  much  in  cotmon  with  the  behaviour  of  microelectrodes. 


Th«  behaviour  of  microelectrodes 


A  icrospheres 


.(14) 


Xc  it  well  known  (tee  eg'  ' )  that  the  time  dependent  concentration 
-3 

C  (moles  cm  )  of  a  reacting  species  at  the  surface  of  a  sphere  of  radius 


r§(cm) 


4iTDr 


erfc 


<4Dt) 
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rapidly  approaches  the  steady  state  value 

C* 


-  A. 


4trDr 

■ 

-1 


(1) 


(2) 


Here  Q  (moles  s  )it  the  strength  of  the  continuous  source  placed  at 

the  centre  of  the  coordinate  system,  for  microspheres  the  relaxation  time 
2 

T  *  (3) 

40 


is  short  compared  to  the  time  scale  of  most  present  day  electrochemical 
techniques  (eg  T  •  5  X  10”8s  for  r  -  100  X  and  D  »  5  x  10  6cm2s  1) 
so  that  the  behaviour  of  microsphere  electrodes  can  be  derived  by 
solving  the  relevant  set  of  diffusion  equations  in  the  spherically 
symmetric  coordinate  system,  in  the  steady  state  and  using  the 
appropriate  boundary  conditions: 


where  ^  denotes  a  sunsnation  over  all  reaction  steps  generating  or 
consuming  species  i.  The  surface  of  the  sphere  is  uniformly  accessible 
(but  see  further  below)  and  analytical  solutions  are  readily  obtained 
(frequently  in  closed  form)  for  all  cases  where  the  reaction  rate 
terms  in  the  set  of  equations  (4)  are  zero,  first  order  or  pseudo  first 
order;  simulations  are  straightforward  for  cases  where  the  rate  terms 
are  non-linear.  Some  examples  are  described  in  the  next  section. 


s 


fbr  the  important  cate  of  the  in-iitu  deposition  of  microelectrodes 

(12, 14, 15) ^  And  (viii)  above)  diffusion  will  be  in  a  quasi-stationary 

state  and  transients  such  as  that  in  fig  2  will  be  controlled  by  the 

♦ 

time  dependence  of  r#.  Fbr  example,  for  the  growth  of  mercury  droplets, 
fig  2,  we  obtain 


Ill 

l*2Sr 
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6  M 
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*  1  -3 

Here  k*'  (ems  x)  is  the  standard  rate  constant,  i  (g)  and  p(g  cm  ) 

are  the  molecular  weight  and  density  of  mercury  and  C  and  C  (moles 

-3  ... 

cm  )  are  the  bulk  and  standard  concentrations  of  the  mercurous  ions  in 

solution  respectively.  At  short  times  (small  rg)  the  mass  transfer 

coefficient  to  the  surface 


k  -  D 

m  — 
r 


is  very  high  and  (6)  reduces  to 

i .  Hisfi  |  .vv1'" 


{*cv-> 


ie  the  reaction  is  kinetically  controlled.  On  the  other  hand,  at 


*  »B'  «§*  •,*  •,  *  *  *  * ,*  "  *•  *"**.*•".**  *  ,*•  .*«  ,*•  ,*•  ,*  ,*»  .*»  „*« 


long  tine*  ('large'  r#),  the  process  becomes  diffusion  controlled 
(10,12,14,15) 

[»--(89]}v,tl 

(cf.fig  2  ;  the  figure  shows  that  the  droplet  changes  shape  at 
longer  times 


i  icrodiscs  and  microrings. 

The  behaviour  of  microdiscs  and  rings  at  long  times  must  again 
be  determined  by  the  quasi-spherical  diffusion  field  surrounding  the 
electrodes,  lass  transfer  is  determined  by  the  set  of  differential 
equations  in  the  cylindrical  coordinate  system: 


By  contrast  to  spherical  electrodes,  the  surface  is  not  uniformly 

accessible  and  analytical  solutions  are  difficult  to  obtain  even  for 

the  simple  case  of  zero  concentration  (or  reversible  behaviour)  at  the 

electrode  surface  ^  The  problem  has  been  extensively  studied 

17-23 

(see  eg  ) .  An  important  conclusion  based  on  simulations  and 

(19  22  23) 

analysis  ’  '  is  that  the  diffusion  limited  current 

1  *  4nFD  c  r  (13) 

1  1  B 

at  a  finite  disc  electrode  is  identical  to  that  at  a  hemisphere  of 

radius  2  r  /*  and  this  Is  confirmed  by  experimental  results.  Fig.  3 

shows  how  the  limiting  current  for  the  oxidation  of  ferrocene  In 

acetonitrile  varies  linearly  with  the  radius  of  the  platinum  micro- 

disc  electrode.  The  diffusion  coefficient  obtained  from  the  gradient 

-5  2  -1 

of  this  line  analysed  according  to  equation  13  is  2.42  x  10  cm  s 
in  agreement  with  values  obtained  by  conventional  means  in  the  same 
solution,  and  published  data.  The  currents  at  a  sphere  of  radius  r  will 


therefore  be  equal  to  those  at  a  disc  of  radius  r  when 


This  analogy  can  ba  extended  to  the  behaviour  of  reveraible  systems. 


R>r  example,  fig  4  illustrates  the  voltammetric  curve  at  a  carbon 


microdisc  electrode  for  the  fast  reaction 

Hfa2+  +  2e  2  Hg°  (A 

under  conditions  where  the  adhesion  and  growth  of  droplets  (see  fig  2) 
is  inhibited.  The  current  at  positive  potentials  is  determined  by 
the  oxidation  of  the  highly  dilute  solution  of  Hg°  formed  by  the 


dissociation 


2*  0 
Hg  ♦  Hg 


Che  reaction 

2Hg2*  ♦  2e  Hg22+  (C) 

being  slow.  The  reduction  of  Hg^  leads  to  the  formation  of  clusters 
of  mercury  atoms  in  the  solution (see  inset  on  fig  4)  and  it  is  Che 
adhesion  of  these  clusters  to  the  surface  which  leads  to  the  growth  of 
a  mercury  microelectrode  such  as  that  shown  in  fig  2. 

The  analogy  between  disc  and  spherical  electrodes  can  be 

extended  to  other  kinetic  investigations  of  first  order  or  pseudo  first 

.  (5  24 

order  processes  where  the  surface  concentration  is  zero  or  defined  ’ 
For  example,  the  solution  of  the  set  of  differential  equations  for  a 
disp  1  mechanism  (see  reaction  scheme  below)  gives  for  the  limiting 


current 


2B1FD  CA 


1  ♦  rf(2k1/D)' 

2  ♦  r>(2k1/0)‘ 


This  can  be  expressed  as  a  working  curve  of  the  apparent  number  of 
electrons  involved  in  the  overall  reaction  as  a  function  of  the 


electrode  radius 


n,  *  2n 
App 


1  ♦  r-(2kl/D)' 


2  r#(2kl/D)‘ 


Writing  An  ■  n. _  -  n. 


p 


n 


(IS) 


*  "W  -  ,5  24. 

la  common  vicb  ocher  reaction  achemee  v  ' 


race  conacence  ere 


derived  from  simple  linear  'working  curvea*  of  (  An  )~^veraua  (r  )~*. 

n 

Pig  5  illuatratea  an  application  to  the  firat  atep  of  the  oxidation  of 
hexamethylbenzene  in  acetonitrile^4^. 


R-CH. 


R-CH, 


♦  e 


(D) 


R-CH 


♦  • 


R  -  CH2  f  H 


(E) 


R-CH 3  *  R-CH2 


rch3  ♦  R-ch2 


(F) 


r-ch2  ch3cn 


r-ch2  -  n  ■  c  -  CH3 


(G) 


where  (F)  and  0)  are  fast  and  (E)  is  rate  determining.  The  value 

of  k  derived  from  the  slope  of  fig  5 ,  720 t  100s  is  in  fair 

agreement  with  that  derived  from  spectro-electrochemical  data,  680  -  30 a 
(25  26) 

v  '  ' .  Analysis  of  the  data  according  to  an  ece  mechanism 


(19) 


would  give  a  value  of  k  one  half  that  for  the  disp  1  scheme  whereas 
chronoamperometric  measurements  give  essentially  the  same  result  for 
both  reaction  schemes.  Combination  of  the  results  of  transient 
measurements  on  conventional  electrodes  (eg  chronoamperometry) 
with  measurements  on  nicree lectrodes  therefore  allows  unique 
assignments  of  reaction  schemes  in  those  cases  where  transient  techniques 
alone  do  not  allow  a  clear  distinction  to  be  made. 

The  complexities  of  the  analysis  due  to  the  non-uniform 
accessibility  of  the  disc  are  decreased  if  ultrathin  ring  electrodes 
are  used:  in  the  limit,  as  the  thickness  of  the  ring  approaches 
atomic  dimensions,  the  electrode  reactions  must  become  uniform  over 

the  surface  of  the  ring.  Assuming  such  uniform  accessibility  of  a 

.  .  .  .  (27) 

ring  placed  at  a  radial  position  r^  we  obtain 


•<*V  a  Jo 


4D1(t-f) 


2I)1  (t-t'»  (t-t') 


Q.  (moles  cm  *)  is  sow  a  continuou*  line  source  sod  Z  denotes  e 
*  o 

modified  Bessel  Rinction  of  order  zero.  In  the  steady  state  (t  -*■  ®) 
we  obtain  the  interesting  result 


11m  ring 


11a  disc 


0.7375 


for  the  ratio  of  the  limiting  currents:  the  collection  efficiency 
of  a  micro  thin  ring  is  nearly  as  great  as  that  of  a  microdisc 
and  this  ratio  is  independent  of  r  .  The  mass  transfer  coefficient 

ID 

to  a  ring  of  thickness  2  Ar  (cm) 

.  0.2347  . .D, 


is  independent  of  rm.  A  consequence  of  (21)  and  (22)  is  that  whereas 

the  polarisation  curve  for  an  irreversible  reaction 

0  ♦  e  «='=**  R  (1 


depends  on  both  r  and  tec 
m 

I  *  4^r  Ar  1  «xp 
m  o 


(-  r)f  - « (g)] 


(region  of  low  n)  the  voltammetric  curve  for  reversible  systems  depends 


[l  -  exp  (£)] 

' '  [■  •  ¥  •■■(*)] 


Fig  6  illustrates  an  application  to  measurements  on  the  ferricyanide / 
ferrocyanide  couple^). 

The  Ohmic  overpotential 

The  diverging  spherical  electric  field  in  the  solution  surrounding 
microelectrodes  leads  to  low  ohmic  potential  drops  just  as  the  spherical 
mass  flux  leads  to  a  reduction  of  concentration  changes  compared  to 
planar  diffusion.  It  has  been  pointed  out  that  this  reduction  of  An  .  . 


10 


( 28-30) 

allows  the  design  of  many  new  experiments  .  for  example,  for 

the  unusual  conditions  of  high  substrate  and  low  electrolyte  concentra¬ 
tions  one  predicts  for  a  reversible  reaction 

0*  «■  e  -  R  m 


I  * 

4irpp  r 

R  s 

CR  #XP 

(  RT 

* 

D  ♦  exp  ^ 

P) 

CJ  «P 


(&)- 


for  spherical  microelectrodes.  Here 


D*  * exp  (r r) 


a  -  y  dr  (Dq  v  da) 
2  °0  °A 


where  is  the  diffusion  coefficient  of  the  anion  of  the  electrolyte 

1A  (chosen  such  that  =  D^) ,  t+  is  the  transport  number  of  0+  and 

C  b,  C_b  are  the  concentrations  of  0  and  R  at  the  location  b  of  the 
O  K 

counterelectrode.  The  associated  ohmic  potential  drop  in  the  solution 

2RTV  D‘C5  *  Co]MP(rf) 

ohmic  v 

D*  *  C*  **p(^) 


ohmic 


D*  ♦  Cb  exp 


approaches  the  limiting  value 

2RTt 

An  .  .  «  - -  in 

ohmic  _ 


b  *  b 

c"  ♦  DC 
0  R 


11 


at  high  H  .  This  it  independent  of  the  concentretione  (for  fixed 

Cq  /C^)  of  r^  end  of  the  solvent  (if  t  +  ie  only  weekly  effected  by 

the  solvent).  The  polerieetion  curves  ere  not  symmetrical,  fig  7, 

(due  to  the  generetion  of  electrolyte  close  to  the  surfece  of  the 

sphere  in  the  oxidetion  end  its  removal  in  the  reduction) ;  An  .  , 

oomic 

is  smell  and  calculable  and  well  defined  limiting  currents  are  obtained 
under  all  conditions. 


A  weak  dependence  of  An  ^  ,  on  r 

ohmic  s 

(28), 


is  predicted  for 


irreversible  reactions v  but  it  has  been  found  that  £c  i* 

markedly  dependent  on  the  radius  of  microdisc  electrodes.  Fig.  8A 

illustrates  the  oxidation  of  ferrocene  to  the  ferriciniuo  cation 

at  a  0.5  Pt  microdisc  electrode  in  pure  acetonitrile  and  in  a 

(29) 

solution  containing  l  oM  Et^N  C104  .  By  contrast  to  experiments 

with  larger  electrodes  addition  of  further  support  electrolyte  leads 
to  virtually  no  change  in  the  voltammograms .  Fig.  SB  illustrates  the 
oxidation  of  ferrocene  in  solid  acetonitrile  containing  no  deliberately 
added  electrolyte^30*.  The  marked  reduction  of  Ar^^^  on  microdisc 
electrodes  which  allows  these  measurements  to  be  made  is  undoubtedly 
due  to  the  non-uniform  accessibility  of  the  discs.  It  should  also  be 
noted  that  the  non-uniformity  of  the  flux  over  the  surface  will  be 
decreased  by  the  associated  distribution  of  the  overpotential  (cf 
tertiary  current  distribution  in  metal  deposition).  These  effects 
will  become  more  pronounced  as  the  radius  decreases  when  the  relative 
role  of  the  edge  compared  to  the  disc  surface  becomes  increasingly 
dominant . 

The  low  ohmic  resistance  losses  coupled  to  the  high  mass  transfer 
for  microelectrodes  also  allows  the  simplification  of  transient 
techniques.  The  proportion  of  the  total  current  due  to  double  layer 


2 


charging  ia  greatly  reduced  and  the  RCdl  time  conatant  ia  decreaaed 

<RCtfia  rB  or  r0) ;  for  microdiscs  and  apherea  dif fuaion  can  frequently 

be  taken  aa  being  in  the  ateady  atate  ao  that  the  equivalent  circuit 

ia  simplified,  fig  is  an  illustration  of  the  cyclic  voltammetry  of  the 

ferricyanide/ferrocyanide  couple  at  a  thin  ring  electrode  of  relatively 

large  radius.  Here  diffusion  ia  in  the  non-steady  state  (rn  'v  lOOv)  but 

maaa  transfer  la  high  &r  %  lu) .  In  consequence  we  observe  a 

'conventional*  but  irreversible  voltammogram  for  this  fast  redox  couple 

(27) 

at  relatively  low  sweep  speeds 


DISCISSION 


It  can  b«  atan  that  tha  application  of  microelectrodes  to  kinetic 

measurements  offara  many  advantages.  Tha  high  rates  of  mass  transport 

ailov  the  investigation  of  electrode  processes  at  high  rates  in  the 

pseudo  steady  state  (up  to  5  cm  a  *with  the  techniques  at  the  current 

state  of  development ) ;  the  kinetics  of  reactions  in  solution 

coupled  to  the  electrode  reactions  can  be  explored:  first  order  rate 

constants  up  to  10^  s  *  can  be  determined  with  electrodes  of  0.5 u 
(24) 

radius  and  much  higher  values  will  be  achievable  as  the  radius  of 

discs  or  spheres  and  the  thickness  of  rings  is  progressively  reduced  (eg 

-2  -2 

for  discs  or  spheres  the  accessible  kat  r^  or  ) ;  In  the  eaae  of  second 
order  reactions  pseudo-first  order  conditions  are  much  siore  easily  achieved 
with  nlcroelectrodes  than  for  planar  diffusion  or  convective  diffusion  and  ther 
is  no  restriction  on  the  aagnltude  of  the  rate  constants  which  can  be 
determined  for  such  reactions  It  is  important  that  most  reaction 

schemes  reduce  to  simple  linear  'working  curves'  of  (An)  *  versus 
(rB)  and  that  by  combining  data  with  those  derived  from  transient 
experiments  it  becomes  possible  to  distinguish  between  reaction 
schemes  which  cannot  be  assigned  (or  are  difficult  to  assign)  using 

transient  techniques  alone^'^' 

The  low  ohmic  overpotentials  allow  considerable  simplification 

of  experiments:  two-electrode  configurations  can  be  used  and  this 
leads  to  greatly  improved  signal /noise  performance  compared  to  the 
usual  potential-controlled  experiments  (the  broad  band  noise 
performance  of  feedback  circuits  depends  on  the  input  capacitance 
of  the  amplifiers  ie  the  double  layer  capacitance).  The  low  (and 
calculable)  ohmic  potential  losses  allows  the  design  of  many  novel 
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experiment*  end  the  extension  of  *y*teiu  eccecaible  to  study,  eg. 

measurement*  in  low  polarity  solvents,  in  the  absence  of  support 

( 29  30) 

electrolyte  and  in  low  temperature  glasses  ’  .  Such  measurements 

will  prove  to  be  valuable  in  the  investigation  of  reaction  mechanisms 
(eg  of  organic  and  organometallic  reactions)  and  in  the  investigation 
of  the  mechanism  of  electron  transfer.  The  examination  of  well  known 
reactions  also  frequently  leads  to  new  results  such  as  those  for  the 
mercurous /mercury  couple.  Figs  2  and  4.  The  growth  of  individual  two 

and  three-dimensional^^  centres  on  microelectrodes  is  well 
known;  small  systems  allow  the  analysis  of  fluctuations  in  the 
kinetics  for  example  in  electrocrystallisation  processes'1 
These  topics  have  been  excluded  from  consideration  in  this  paper  but 
it  should  be  noted  that  the  interpretation  of  fluctuations  always  leads 
to  new  kinetic  information. 

The  further  extension  of  the  range  and  scope  of  measurements  with 
microelectrodes  can  now  be  envisaged.  Dimensions  of  the  order  100  X 
have  already  been  achieved  for  the  in-situ  deposition  of  microelectrodes 
(cf  fig  2).  There  is  no  fundamental  reason  why  ’conventional'  disc 
electrodes  of  this  size  and  ring  electrodes  of  even  smaller  thickness 
should  not  be  developed  to  give  electrodes  approaching  atomic  dimensions. 
Measurements  at  this  stage  are  usually  made  on  single  electrodes  at  low 
frequencies  down  to  the  pA  level  but  there  is  no  reason  why  the  range 
should  not  be  extended  at  least  to  the  fA  level  and/or  to  high 
frequencies  with  standard  development  of-  present  day  instrumentation; 
equally  arrays  of  microelectrodes  could  readily  be  constructed 
(compare^"^) .  It  has  been  shown  that  the  high  mass  flux  in  spherical 
diffusion  fields  coupled  to  the  low  ohmic  overpotentials  allows  the 
examination  of  dilute  solutions  (both  in  substrate  and  support  electrolyte). 


V 


It  will  therefore  be  possible  to  extend  the  reage  of  conditions  (eg  to 

lover  temperatures),  to  examine  entirely  new  systems  (eg  reactions  in 

non-polar  media;  the  monitoring  of  intermediates  in  organic  reactions; 

processes  in  the  vapour  phase)  and  to  pose  entirely  new  questions  (eg  the 

effect  of  size  on  phase  transformations  in  adsorbed  films). 

The  major  difficulty  in  Che  application  of  microelectrodes  remains 

the  non-uniform  accessibility  of  micro  discs.  Thus  at  this  stage  it  is 

not  possible  to  examine  non-linear  systems  and  computational  requirements 
(24) 

are  severe  .  By  contrast  microspheres  are  uniformly  accessible 
(except  for  the  shielding  of  the  contact  area  cf  fig.  lc).  It  would 
therefore  be  advantageous  to  develop  such  electrodes  further  or  to  develop 
cells  which  conform  (at  least  approximately)  to  spherical  geometry 
such  as  the  conical  cell  structure  illustrated  in  fig.  Id. 
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A.  Coast ruction  of  a  0. 3y  radius  sicroslsctrods : 

(s)  Pt  cors  exposed  by  etching; 

(b)  A|  eostsd  Pt  flbrs; 

(e)  bslicsl  spring; 

(d)  law-no l«o  coaxial  csbls  (UR  M76) . 

B.  Plan  of  a  tbin  ring  slsctrods. 

C.  exposition  of  a  nicroapboro  on  a  carbon  mlcrodlsc 
slsctrods. 

D.  Part  of  a  conical  call  dsfinlng  a  sicroslsctrods 
having  a  goons try  approximately  that  of  a  spherical 
cap. 

Current-time  trasslsnt  for  tbs  deposition  of  a  single 
droplet  of  mercury  from  a  solution  0.2  oM  H*2(N03*2  + 

10  oM  NHOj ;  ovsrpotsntlal  S  aV;  4y  radius  carbon  disc 
substrate  electrode;**  derived  froe  (10)  using  a  •  0.5 
is  0.0057  ce  s~l.  Radius  of  Hg  droplet  detereined  by 
integration  of  tbs  i  vs  t  transient. 

A  plot  of  tbs  Halting  currant  for  ths  oxidation  of 
fsrrocsns  (3  mb)  as  a  function  of  slsctrods  radius. 

Polarisation  curvs  of  a  0.1  mb  Hg^NO^g  ♦  10  mM  NH03 
solution  at  a  4y  radius  carbon  disc  slsctrods.  Curve 
determined  point  by  point  by  integrating  tbs  observed 
currents  for  sat  periods  of  time. 

Inset:  section  of  tbs  current  time  record  at  n  ■  90  mV. 

Plot  of  (As)-1  ss  a  function  of  tbs  electrode 
radius  for  tbs  oxidation  of  bexaaetbylbeszene  in  acetonitrile/ 
0.1M  tetrabutylsaaonlua  tetrafluoroborate.  The  straight  line 
when  analysed  according  to  equation  IB  yields  s  rats  constant  of 


Polarisation  curre  for  potaaslua  ferrlcyanlde  ♦ 


ferrocyaalde  (total  eoBCoatratloa  20  aM)  ia  0.136M  COB 
at  a  •>*  2u  vldtb  gold  ring  aloctrodo.  k*  derived  from 
tha  data:  .0®  ca  a”1  . 

b 

A  plot  of  tha  currant  function  P  *  I/4rr  PDRoQ 

aa  a  function  of  overpotantial  for  a  reversible  reaction 

b  b 

aa  daacribad  by  reaction  I  assuming  cQ  *  cR  0Q  *  DR  « 

and  t  *  0.5  -  plotted  according  to  aquation  25; 

-  with  ohmic  drop  calculated  according  to  equation  27. 

A.  Iffact  of  addition  of  alactrolyta  to  acatonltrlla  whan 
using  a  Pt  aieroelactrode  of  radius  0.5p  in  oxidation 
of  1  OH  ferrocene  (a)  without  alactrolyta  (b)  with 

1  aM  Et4NC104. 

B.  Oxidation  of  i  aM  ferrocene  at  a  aieroelactrode  of 
O.Su  radius  in  solid  acatonltrlla . 

Cyclic  voltammogram  of  10  m)i  potassium  ferrocyanida  in 
0.1M  KOH  at  tha  gold  ring  electrode;  sweep  rata  100  mV  a  . 
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